Abstract
3

Background
49
Though frequently considered one of the most important evolutionary mechanisms, 50 natural selection represents only one of many evolutionary forces that can act on a population. 2012). Typically, teaching students about non-adaptive evolutionary forces can be difficult, 55 particularly on the instance of genetic drift.
56
Regardless of a student's background and chosen major, the majority of college students 57 have difficulties learning and retaining fundamental science concepts (Alters and Nelson 2002) , 58 leading to a decrease in comprehension of more advanced concepts that build on the basic ones.
59
While teaching advanced scientific concepts is in itself challenging, an equally urgent task is 60 aiding students to develop creative and critical thinking skills essential for science-based majors.
61
Instructor-provided situations that allow students to discuss, challenge, and test the 62 adequacy of a concept have been shown to be effective in science teaching and learning (Slavich 63 and Zimbardo 2012). Consequently, tools that facilitate free exploration of evolutionary 64 concepts, including a short introduction by the instructor, are particularly useful. Numerous 65 programs have been designed as stand-alone software to fill this niche in regards to evolutionary 66 concepts (Hoban et al. 2012 ). Many of them focus in exploring a single evolutionary force, e.g. programming language JavaScript, provide unique opportunities for creating computationally-71 rich browser-based educational tools that are accessible across operating systems.
72
Here we developed a web application (Genie) designed to demonstrate several population 73 genetics and evolutionary concepts including genetic drift, gene flow, and random mutation. This 74 application conducts a real-time simulation of the change in allele frequencies in a finite 75 population of spatially isolated individuals. Using colors, the application allows students to 76 visualize changes in population over time and understand how those visual changes translate to 77 fluctuations in allele frequency, and eventually, fixation/loss of an allele.
78
We find that this web-based software is accessible to students and increases knowledge 79 of genetic drift concepts, as tested using a genetic drift inventory (Price et al. 2014 ). These types 80 of assessments have proven to be useful in capturing student's understanding of other complex 81 evolutionary concepts in the past (Perez et al. 2013 effect. The probability that a new individual will have the same allele as its parent its 1-μ,
107
and the probability that an individual has a new, unique allele is μ . Each "generation"
108
consists of 2000 death/birth steps after which the population is redrawn in the visualization 109 window.
110
Running. The application contains four components: a grid, where the population is displayed
111
( Fig. 1-1a) ; a control panel, where users can manipulate the simulation's mutation parameter
112
( Fig. 1-1b) ; an upper graph, where users can see the number of alleles in the population at 113 any given time ( Fig. 1-1c) ; and a lower graph, where users can see the frequency of different 114 alleles at any given time ( Fig. 1-1d 
141
The inventory was used without changes in pre-and post-lesson assessments. The pre-
142
lesson assessment was posted online on Blackboard two days before the class lesson (recitation).
143
Students were asked to answer all questions individually by 3:00 pm the day of the in-class 144 activity (described below, Recitation activity). All students were allowed the same amount of 145 time to complete the assessment. 
154
At the end of the semester, students were given the opportunity to opt-in to the study of 
176
In the first activity, students were instructed to run Genie without modifying any 177 parameters or creating any barriers. As the number of generations increased, students kept track Activity 2: Effects of absolute barriers on genetic drift and gene flow.
186
The second activity introduced the concept of barrier formation in the population grid.
187
This activity allowed students to identify the effects of genetic drift simultaneously with those of 188 population isolation. The simulation was re-started and students were instructed to create two 189 barriers reaching opposite borders of the population grid (one horizontal and one vertical). This The fourth activity centered in evaluating the effects of changes in mutation rate along 219 those of genetic drift. Students were instructed to restart the simulation, increase the mutation 220 rate, and take note of the changes in the population grid and accompanying graphs. Alternatively,
221
students were instructed to perform the activity while markedly reducing the mutation rate.
222
Students also kept track of changes in the number of alleles, allele frequency, and the number of 
239
• Evaluate the effects of creating corridors and barriers at different points of the simulation.
240
• Track the effects of modifying the mutation rate at different points of the simulation. 
Results
244
Increased understanding of genetic drift across demographics
245
The number of respondents in each demographic/classification assessed in this study is 246 reported (Fig. 3) . Out of 22 questions in the genetic drift inventory, the mean correct answer lesson assessments (Fig. 2b-f ). When we look across demographics, we observe that there is no Additionally, we observed improvement in understanding genetic drift concepts in all 257 recitation sessions, with the exception of TA Pair's 1 7:30pm class ( Fig. 2f ; Additional files 2 258 and 3). This was the recitation session with the fewest number of students in the class (Fig. 3f) .
260
Question by question breakup
261
The top three questions with improved student outcomes were questions 13, 3, and 17
262
( In this lesson, we used Genie to improve student understanding of non-adaptive 278 evolutionary mechanisms. By using Genie, students were able to observe: (a) changes in allele 
287
The most significant differences were observed amongst students with different final 288 course grades (Figs. 2e and 3d) , however, all students improved their score regardless of their 289 letter grade, showing that Genie was effective in aiding students with various performance levels 290 on the class (Fig. 2e) . On the other hand, we found that the efficiency of Genie varied slightly 291 across all the demographic classifications included in our study (Fig. 2b-d) ; particularly between 292 first and non-first generation students ( Fig. 2c ; Additional file 2 and 3). While these slight 293 variations should be considered in future classes, they do not seem to indicate a differential 294 effectiveness of Genie as a teaching tool. Finally, we found that all recitation sessions showed 295 some level of improvement in understanding of genetic drift and related concepts (Fig. 2f) .
296
Moreover, classes taught by different teams (TA pairs 1 and 2) did not show significant 297 differences in comprehension of class concepts (Fig. 2f) , suggesting that the overall course 298 design may be successful when taught by other instructors. Only one recitation session (TA Pair 299 1 7:30pm class) did not show significant improvement in the post-lesson assessment; however, 300 since this session was comprised by the fewest number of students (Fig. 3f) , it is possible that the 301 lack of significance in our results is related to the low sample size.
303
304
Genie was particularly effective in helping students understand concepts related to the 305 loss of alleles due to genetic drift ( to the changes in the population grid. Students also improved their understanding of genetic drift 312 and natural selection as two different evolutionary processes after using Genie (Table 1; Q6) .
313
Moreover, student capacity to define the distinct effects of natural selection and genetic drift on 314 isolated (Table 1 ; Q11 and Q12) and reduced size populations (Table 1 ; Q4) also improved. It is 315 likely that these concepts were better grasped thanks to the free-hand nature of barrier formation 316 provided by Genie. Specifically, students freely explored the effects of complete or partial 317 population isolation at different stages of the simulation (Additional file 4); hence, they were 318 able to fully discover the effect of population size and different levels of population isolation on 319 the strength of genetic drift.
320
Overall, we believe that the intuitive and free modification of the population grid, with 321 little to no hard-coded numbers, is one of the most powerful features of Genie. This feature 322 permitted students to explore genetic drift and related concepts to their own pace, design their 323 own experiments to test their hypotheses, and discuss their results among peers. Thus, Genie was 324 effective not only in teaching students the concept related with genetic drift, but also in providing 325 a mean for them to hone their creative thinking and reasoning skills.
326
We did not improve student understanding of all concepts related to genetic drift. Upon 327 introspection we propose that this is due to our lecture design and unlikely to be due to the nature 328 of Genie; regardless, further testing is required. Specifically, we found that students' 329 comprehension on the role of novel mutations on a population was lowered after our lesson
330
( changing the mutation rate on allele diversity should be explored in more detail in future classes.
336
In particular, we will develop discussion questions that clarify that the changes in mutation rate 337 occur independently from those of genetic drift.
338
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